Abstract. Several works concerning the dynamical and thermal structures and inertial gravity wave activities in the troposphere and lower stratosphere (TLS) from the radiosonde observation have been reported before, but these works were concentrated on either equatorial or polar regions. In this paper, background atmosphere and gravity wave activities in the TLS over Wuhan (30 • N, 114 • E) (a medium latitudinal region) were statistically studied by using the data from radiosonde observations on a twice daily basis at 08:00 and 20:00 LT in the period between 2000 and 2002. The monthly-averaged temperature and horizontal winds exhibit the essential dynamic and thermal structures of the background atmosphere. For avoiding the extreme values of background winds and temperature in the height range of 11-18 km, we studied gravity waves, respectively, in two separate height regions, one is from ground surface to 10 km (lower part), and the other is within 18-25 km (upper part). In total, 791 and 1165 quasi-monochromatic inertial gravity waves were extracted from our data set for the lower and upper parts, respectively. The gravity wave parameters (intrinsic frequencies, amplitudes, wavelengths, intrinsic phase velocities and wave energies) are calculated and statistically studied. The statistical results revealed that in the lower part, there were 49.4% of gravity waves propagating upward, and the percentage was 76.4% in the upper part. Moreover, the average wave amplitudes and energies are less than those at the lower latitudinal regions, which indicates that the gravity wave parameters have a latitudinal dependence. The correlated temporal evolution of the monthly-averaged wave energies in the lower and upper parts and a subsequent quantitative analysis strongly suggested that at the observation site, dynamical instability (strong wind shear) induced by the tropospheric jet is the main excitation source of inertial gravity waves in the TLS.
Introduction
Gravity waves and their associated momentum transportation and energy propagation are believed to have a significant impact on local tropospheric and lower stratospheric climatology (Alexander and Pfister, 1995; Alexander, 1998) . It is well known that in the middle and upper atmosphere, gravity waves play an important role in determining the global dynamic and thermal structures (Lindzen, 1981; Holton, 1982 Holton, , 1983 Garcia and Solomon, 1985) , and are responsible for local short-term variability of background atmosphere and large-scale atmospheric waves (Fritts and Vincent, 1987) . Gravity waves in the middle and upper atmosphere are believed to be excited mainly in the troposphere and lower stratosphere (TLS) and propagate upward (Alexander, 1996) , resulting in energy coupling between the lower and upper atmosphere. Therefore, it is of significant importance to study the basic features of gravity wave activities in the TLS.
Radiosonde observations were initially used for studying local meteorology. In each measurement of radiosonde, accompanying the free ascent of a balloon, meteorological variables, such as pressure, temperature and relative humidity, are measured. The horizontal winds can be attained by tracking the position of the balloon, which allows us to determine the horizontal propagation directions of gravity waves. The typical height coverage of the radiosonde observation is from ground surface up to 25-30 km, the uncertainty of the upper limit height is due to the uncertain burst height of the balloon. Recently, radiosondes were extensively applied to study the dynamics and gravity waves in the TLS for its excellent height resolution (several tens of meters to several hundreds of meters) (Tsuda et al., 1994a,b; Shimizu and Tsuda, 1997; Pfenninger et al., 1999; Vincent and Alexander, 2000; Yoshiki and Sato, 2000; Zink and Vincent, 2001a,b) . Many radiosonde observations suggested that the dominant gravity wave disturbances in the TLS were inertial gravity waves, usually having a vertical wavelength of several kilometers, horizontal wavelength of several hundreds of kilometers, and a horizontal wind disturbance amplitudes of several ms −1 . The data utilized in early studies of radiosonde observations were based on specific campaigns (Tsuda et al., 1994a,b; Shimizu and Tsuda, 1997) , which had limited time coverage. The most recent studies have begun to use the radiosonde data acquired routinely by meteorological agencies (Pfenninger et al., 1999; Vincent and Alexander, 2000; Yoshiki and Sato, 2000; Zink and Vincent, 2001a,b) . Observations at different latitudinal regions have revealed that the dynamics and gravity wave activities in the TLS have an obvious latitudinal variation (Allen and Vincent, 1995; Vincent and Alexander, 2000; Yoshiki and Sato, 2000; Zink and Vincent, 2001a,b) . Based on observations, many modeling works were developed to parameterize the impacts of gravity waves on the climatology of the TLS Vincent et al., 1997) . However, they are far away from comprehensively understanding the global dynamics of the TLS, which pushes us to study the gravity wave activities in the TLS in a broader latitudinal range. The radiosonde observations cited above are concentrated either in low-latitudinal (or equatorial) (Tsuda et al., 1994a,b; Shimizu and Tsuda, 1997) or high-latitudinal (or polar) regions (Pfenninger et al., 1999; Vincent and Alexander, 2000; Yoshiki and Sato, 2000; Zink and Vincent, 2001a,b) ; most observations in the mid-latitudinal region are from VHF radar (Fritts et al., 1990; Murayama, 1994; Sato, 1994) , which cannot provide us with the density and temperature profiles. The radiosonde observational results in the medium latitudinal area were sparsely reported.
The main purpose of this paper is to statistically study the gravity wave characteristics in the mid-latitudinal TLS. The data utilized in this paper is from the radiosonde observation at Wuhan (30 • N, 114 • E) in the period between 2000 and 2002; a detailed description of data and background observation is presented in Sect. 2. A similar data processing method to that proposed by Vincent and Alexander (2000) is adopted in this paper, which is introduced in Sect. 3. The statistical results of the observed gravity waves are given in Sect. 4 In Sect. 5, we discuss the possible sources of gravity waves in the TLS, and the primary conclusions are drawn in the last section. 
Data description and background observation
Radiosonde observations made by the Wuhan Center Station of Meteorology on a twice daily basis at 08:00 and 20:00 LT in the period between 2000 and 2002 were used in this study. The raw data are sampled at 8-s intervals, resulting in an uneven height resolution, which varies from 10 m to 100 m. For convenience, the raw data were processed to have an even height resolution (100 m) by applying a linear interpolation. The maximum altitude of radiosonde observation is the burst height of the balloon. In our data set, about 52% of measurements reached a height of 25 km, but only about 18% reached 27 km. Thus, we chose 25 km as the upper height limit of our analysis. Figure 1 shows the monthly-averaged temperature and buoyancy frequency within the period from 2000 to 2002 in the height range from the ground surface to 25 km. The temperatures show obvious fluctuation with time below the height about 14 km, which is different with the radiosonde observation in the equatorial regions . Above 14 km, they vary little over the 3 years of observation. The tropopause height roughly estimated from Fig. 1 is at a height of about 14 km. An extremely low temperature less than −70 • C around a height of 17 km can be observed. The coldest temperature above the tropopause occurs in June, and annual cycles can be observed, but they are not as regular as they were at the tropical region (Reid and Gage, 1996; Vincent and Alexander, 2000) . Below the height of 15 km, the buoyancy frequency show slow variability with time and height, the value varies from 0.01 to 0.015 rad s −1 ; above the height of 18 km, it is almost a constant value 0.025 rad s −1 . Figure 2 is the monthly-averaged zonal and meridional winds. Below the height of 3 km, the zonal wind fields are very weak. Within the height range 3-15 km, the zonal winds are eastward and usually increase with height up to about 11.5 km, with maximum values about 70 ms −1 and then decrease with height, which indicates a strong tropospheric jet around 11.5 km. Moreover, an evident annual cycle can also be observed. Above the height of 18 km up to 25 km, different from the observation of the lower latitudinal region , the zonal wind field is dominated by the annual oscillation rather than the quasibiennial oscillation, with a mean flow of ∼−5 to 10 ms −1 ; a rough division shows that the westward wind field occurs in the period from June to November, and an eastward wind in the other half of the year. Compared with the zonal wind, the meridional wind is rather weaker and usually less than 10 ms −1 . In the height range 5-20 km, the meridional wind fields are southward in winter and northward in summer. The strongest southward wind often occurs at a height near 15 km in July, with a maximum value of −6 ms −1 . Differently, the strongest northward wind occurs at a lower height near 11.5 km, with a larger maximum value of 10 ms −1 ; moreover, the maximum value occurs twice a year in March and December, respectively.
Extraction of quasi-monochromatic gravity waves
For obtaining the parameters for quasi-monochromatic gravity waves, we should correctly remove the background winds and temperature from the raw data. The usual data processing method takes the temporal averaged values as the background state; however this is not feasible for the radiosonde observation due to its large temporal intervals. 
where
are the fitted amplitude and phase of the quasi-monochromatic components, respectively; λ z is the vertical wavelength, which varies at a 100-m step length from 200 m to 10 and 7 km for the lower and upper parts, respectively. Obviously, in the harmonic fitting, different λ z will result in different amplitudes; we take the value of λ z with the maximum fitted amplitude as the dominant vertical wavelength. Considering that the dominant wavelengths for different wave components (e.g. zonal wind, meridional wind and temperature) may be different, the average value of these three dominant wavelengths is taken to be the wavelength of the derived quasimonochromatic gravity wave. Only when the relative standard error of three dominant wavelengths is less than 20%, do we think that a quasi-monochromatic gravity wave is observed. Having specified the vertical wavelength, we re-take the harmonic fitting to determine the wave's amplitudes and phases for each wave components. Figure 3 gives the typical example of a quasimonochromatic gravity wave in the lower part observed on 18 February 2002. Figure 3d is the profile of wave disturbance temperatures T normalized by the background temperature T 0 (z), and the percentage temperature fluctuation of 1% is observed. The vertical wavelength is calculated to be 6.6 km. The zonal and meridional amplitudes are about 6.5 and 4.0 ms −1 , respectively. The hodograph of horizontal disturbances is an ellipse, and the asterisk and plus symbols demonstrate that the disturbance wind vector rotates anticlockwise. According to the polarization relation for inertial gravity waves, the anti-clockwise rotating hodograph indicates that in the Northern Hemisphere, the gravity wave energy is propagating downward. Figure 4 is similar to Fig. 3 , but for a gravity wave in the upper part. For the gravity wave shown in Fig. 4 , the vertical wavelength is 4.2 km, and the zonal and meridional disturbance amplitudes are about 1.0 ms −1 , which are smaller than those in the lower part. It is noticeable that the hodograph of horizontal disturbance indicates that the gravity wave energy is propagating upward, different from that in the lower part, which suggests that there is a force source for gravity waves within the intermediate part (10 and 18 km) between the lower and upper parts.
Statistical results

Wave intrinsic frequencies
By analyzing the polarization relation for inertial gravity waves, we know that the horizontal propagation direction of a gravity wave is along the major axial of its horizontal wind vector hodograph, and the horizontal perturbation velocities parallel (u para ) and perpendicular (u perp ) to the major axial of the horizontal wind vector hodograph satisfy the following equation:
where and f (7.29×10 −5 rads −1 at Wuhan) denote the wave intrinsic frequency and local Coriolis frequency, respectively. Equation (2) implies that the ratio of to f is equal to that of the major to minor axes of the hodographs shown in Figs. 3 and 4 Eckermann, 1996) , then the wave intrinsic frequency can be easily calculated. For example, the intrinsic frequencies of the gravity waves shown in Figs. 3 and 4 are calculated to be 2.6 and 2.5 times of the Coriolis frequency, respectively. However, too large a ratio of to f will cause many uncertainties Zink and Vincent, 2001 ); thus, a cutoff value of 10 is chosen in this paper. Then, 791 and 1165 quasi-monochromatic gravity waves were extracted from our three-years data set for the lower and upper parts, respectively. Figure 5 is the histogram of the intrinsic frequencies normalized to the Coriolis frequency. In Fig. 5 , it is observed that most gravity waves have a frequency that is less than 4 times that of the Coriolis frequency and with peak occurrence rates of 25% and 27% in the frequency range 2-3 times that of Coriolis frequency in the lower and upper parts, respectively, indicating that the dominant gravity wave disturbance in the TLS over Wuhan is an inertial gravity wave. This is consistent with the observations at other sites. Figure 6 gives the distribution of wave amplitudes. For the gravity waves in both the lower and upper parts, their horizontal wind amplitudes are smaller than 8 ms −1 , and their temperature amplitudes are no larger than 4 K. These wave amplitudes are much smaller than those attained in the equatorial region , suggesting that the gravity wave amplitudes are latitudinal dependence. Zhang and Yi (2004) have numerically studied the latitudinal dependency of gravity wave amplitudes, and attributed it to a kind of nonlinear effect. Another possible reason may be the latitudinal dependence of wave sources. In the lower part, most gravity waves have horizontal wind amplitudes of 1-3 ms −1 and temperature amplitudes of 0.5-1.5 K. Compared with the gravity waves in the lower part, those in the upper part have smaller wave amplitudes, concentrating in 1-2 ms −1 and 0.5-1 K for the horizontal wind and temperature amplitudes, respectively.
Wave amplitudes
Vertical wavelengths and propagation directions
The distribution of vertical wavelengths was calculated and shown in Fig. 7 . The vertical wavelengths for gravity waves in the lower part varied from 2-7 km and with a dominant scale range 4.5-5.5 km. Gravity waves in the upper part have a rather different vertical wavelength distribution, with a dominant wavelength range of 2.5-4 km. The vertical intrinsic phase speed can be easily attained from the expression of λ z , and the direction (upward or downward) can be derived from the hodograph of the wind vector, as introduced in Sect. 3. Figure 8 gives the histogram of vertical intrinsic phase speeds. For gravity waves in the lower part, their vertical intrinsic phase velocities are concentrated around zero and with a rather symmetric distribution around zero, 49.4% of the waves have negative phase speeds (upward wave energy propagation). An obviously different result was observed in the upper part. In the range of −0.2-0 ms −1 , the occurrence rate of vertical intrinsic phase speeds has a prominent peak value of 60%, and 76.7% of the waves are propagating upward; this percentage is close to the observation (72%) by Vincent and Alexander (2000) , indicating that the main force sources for the gravity waves in the lower stratosphere are below the height of 18 km.
Horizontal wavelengths and propagation directions
As mentioned in Subsect. 4.1, the horizontal propagation direction of a gravity wave is along the major axial of its horizontal wind vector hodograph; then the horizontal wave number can be deduced from the simplified dispersion equation for inertial gravity waves
where k zonal , k meridional and k vertical are the zonal, meridional and vertical wave numbers, respectively. The signs of horizontal wave numbers can be derived from the polarization of gravity waves. For example, the zonal and meridional wave numbers for the case shown in Fig. 3 are derived to be −1.19×10 −5 (eastward positive) and 0.70×10 −5 rad m −1 (northward positive), respectively, and those values for the gravity wave shown in Fig. 4 are, respectively, 0.35×10 −5 and −0.99×10 −5 rad m −1 . A histogram of the horizontal wavelengths is displayed in Fig. 9 , while the distribution of intrinsic horizontal phase velocities is shown in Fig. 10 . For the observed gravity waves, their horizontal wavelengths vary from several tens of km to 3000 km, which are much larger than their vertical wavelengths, suggesting that they are propagating at very shallow angles to Table 1 . Mean values of gravity wave parameters. The "Lower" and "Upper" mean the gravity waves in the lower and upper parts, respectively, and the over bars denote a unweighted average over the whole observation period. the horizontal. Figure 10 illustrates that the observed gravity waves have a horizontal intrinsic phase speed usually larger than 10 ms −1 . The dominant horizontal propagation direction of gravity waves in the lower part is westward, against the background wind, however, for gravity waves in the upper part, their horizontal propagations are rather symmetric and no obvious dominant directions are observed.
Wave energies
Wave energy per unit mass is computed from
where the over bar denotes an unweighted average over height. We have no measurements of vertical winds, but in fact compared with horizontal wind, it is much smaller and will not contribute significantly to wave energy, thus, in our computation, w 2 is omitted. Figure 11 gives the time variability of monthly-averaged gravity wave energies. Obvious seasonal variations can be seen from Fig. 11 , and for the gravity waves in both the lower and upper parts have a similar time variability, except that the wave energy in the upper part is much smaller. Intensive gravity wave activities occur in winter and spring, and weaker gravity wave activity usually occurs in summer, which is also similar to the seasonal variation of the background zonal wind. Table 1 summaries the mean wave parameters. A comparison between the mean parameters of gravity waves in the lower and upper parts shows that the disturbance amplitudes and wave energies of gravity waves in the lower part are larger than those in the upper part; as to the spatial scales, the gravity waves in the lower part have larger vertical wavelengths; and shorter horizontal wavelengths, these discrepancies may due to different time and height variability of the background atmosphere in the two parts.
Mean wave parameters
Discussion
Restricted by the height coverage of radiosonde observations and the nature of the adopted hodograph analysis method, we can only study the properties of gravity waves with lower frequencies and vertical wavelengths of several kilometers, which was discussed by Alexander (1996) . In order to address the influences of the hodograph analysis method on the results, we calculated the frequency distributions of wave energies for gravity waves in the lower and upper parts, respectively. Seeing from Fig. 12 , both in the lower and upper parts, most wave energies were carried by a low-frequency (smaller than 5 times and 3 times that of the Coriolis frequency in the lower and upper parts, respectively) gravity wave. Compared with the low-frequency components, the wave energies carried by the gravity waves with higher frequencies are negligible, indicating that the influences of the adopted hodograph analysis method are not significant, as anticipated. An apparently similar time variability of the monthlyaveraged wave energies for the gravity waves in the lower and upper parts was shown in Fig. 11 . The correlative coefficient between them was calculated to be 0.62, which suggested that gravity waves in the lower and upper parts may have the same main generation sources. Focusing on the possible generation sources of gravity waves in the TLS, we calculated, respectively, the correlative coefficients between the background kinetic energy and gravity waves in the lower and upper parts and plotted them in Fig. 13 . These two profiles of correlative coefficients are rather close to each other: The correlative coefficients are very small in the height ranges below 3 km and above 20 km, indicating that the topography in these regions has little impact on the actions of the observed gravity waves. However, the radiosonde observations in the polar regions (Yoshiki and Sato, 2000) revealed that topography is an important gravity wave source, indicating that the gravity wave sources have a latitudinal dependence in TLS region, which leads to the latitudinal dependence of gravity waves properties (wave amplitudes and energies). Within the height range from 5 to 17 km, the correlative coefficients are very large and with maxima values larger than 0.8, so large correlative coefficients have never been reported before.
The evidently correlated time evolutions of wave energies in the lower and upper parts suggests two possible wave sources: A first possibility is that the wave source is within the lower part, which means that the upward propagating gravity waves observed in the upper part may be excited originally in the lower part. It should be noted that there are 890 (corresponding to a 76.4% percentage) gravity waves propagating upward in the upper part, but only 391 (corresponding to a 49.4% percentage) gravity waves propagate upward in the lower part. Moreover, when a gravity wave, especially for the low-frequency gravity wave, propagates upward from the lower part through the tropospheric jet to the upper part, it may encounter its critical layer and be captured by the background, which means that the intermediate atmosphere between the lower and upper parts will intensively absorb the wave energy and halt the gravity waves in the lower part before reaching the heights of the upper part. Therefore, a conclusion can be drawn that although part of the gravity waves in the upper part may be excited in the lower part, the main wave source is out of the lower part.
Another possibility is that there are intensive wave sources in the intermediate atmosphere between the lower and upper parts (10-18 km). Considering the background wind structure shown in Fig. 2 , a possible wave source is the tropospheric jet which occurs around the height of 11.5 km. Usually, the tropospheric jet means strong wind shear, which Figure 14 illustrates the occurrence rate of the dynamical instability for each month; which is defined by
, for each month, N di denotes the number of occurrences of a dynamical instability within a month and N m denotes the total number of measurements in a month. It is observed from Fig. 14 that the temporal variation of the occurrence rate in the intermediate part is rather similar to that of the wave energy shown in Fig. 12 . For further studying the relationship between the wave energy and the dynamical instability, we calculated the correlative coefficients of the occurrence rate of dynamical instability with monthly-averaged gravity wave energies (plotted in Fig. 15 ). In Fig. 15 , large correlative coefficients (larger than 0.8) can be seen in the intermediate part. Moreover, a similar analysis was carried out for studying the relationship between the convection instability and the gravity wave activities, but no obvious correlativity can be found. All above the discussions strongly suggest that the strong wind shear owning to the tropospheric jet is the main excitation source for the gravity waves both in the lower and upper parts.
Conclusions
Data from radiosonde observations made by the Wuhan Center Station of Meteorology on a twice daily basis at 08:00 and 20:00 LT in the period between 2000 and 2002 were used to statistically study the background atmosphere and gravity wave activities in the TLS.
The monthly-averaged temperature shows an obvious fluctuation with time below the height about 14 km, and above this height, they vary little over the 3 years of observation. The tropopause is estimated at a height of about 14 km. Above the tropopause, an extremely low temperature of less than −70 • C at a height of about 17 km is observed. As to the monthly-average zonal mean wind fields, above the height of 18 km up to 25 km, it is dominated by the quasi-annual oscillation. Compared with the zonal wind, the meridional wind is weaker.
There were 791 and 1165 quasi-monochromatic gravity waves extracted from our three-year data set in the lower (from 0 to 10 km) and upper (from 18 to 25 km) parts, respectively. A statistical analysis shows the main characteristics of the gravity waves in the TLS over Wuhan: inertial frequency gravity waves are the dominant gravity wave disturbances; vertical and horizontal wavelengths are of several kilometers and several hundreds of kilometers, respectively; the horizontal winds and temperature disturbance amplitudes are of several m s −1 and K, respectively; the horizontal intrinsic phase speeds are of several tens of ms −1 .
Compared with the gravity waves in the lower part, those in the upper part have smaller amplitudes and vertical wavelengths, but larger horizontal wavelengths. The dominant horizontal propagation direction of gravity waves in the lower part is westward, which is against the background wind, however, for gravity waves in the upper part; their horizontal propagations are rather symmetric and no dominant directions are observed. In the lower part, 49.4% of gravity waves are propagating upward, and the percentage is 76.7% in the upper part.
The monthly-averaged gravity wave energies in the lower and upper parts show obvious seasonal variation and are rather similar, indicating that the main excitation sources for the gravity waves in the two parts may be the same. The correlative coefficients between the background kinetic energy and gravity wave energies have prominent peak values (larger than 0.8) within the intermediate part between the lower and upper parts. More detailed analysis strongly suggests that, different from the polar area, the dynamical instability induced from the tropospheric jet is the main excitation source of gravity waves in the TLS over Wuhan.
